Background: Identifying biomarkers to aide in the diagnosis and prognostication of sepsis in dogs would be valuable to veterinarians.
S epsis, defined as the systemic inflammatory response to infection, is associated with substantial morbidity and mortality in dogs. [1] [2] [3] Differentiating between sepsis and noninfectious forms of the systemic inflammatory response syndrome (SIRS) can be a diagnostic challenge as the clinical presentation for dogs with sepsis and noninfectious forms of SIRS is often similar. Furthermore, clinicians have few objective prognostic indicators for dogs with sepsis. There is a need for diagnostic biomarkers that identify dogs with sepsis so that a rapid diagnosis is achieved and appropriate etiology-specific therapy initiated and prognostic biomarkers to aide in client education and clinical trial stratification. Diagnostic biomarkers and prognostic biomarkers for sepsis have been described, but no single biomarker has had optimum predictive value for both diagnosis and prognostication of sepsis in dogs. 1, 4 Plasma inflammatory mediator concentrations have been used as biomarkers for sepsis in other species in part because inflammatory mediators, such as cytokines and chemokines, are fundamentally involved in the pathophysiology of the systemic inflammatory response syndrome that accompanies sepsis. While there are many inflammatory mediators involved in sepsis, tumor necrosis factor (TNF), interleukin (IL)-6, CXC chemokine ligand (CXCL)-8 (previously referred to as IL-8), and IL-10 have been singled out as being particularly important in multiple species. 1, [5] [6] [7] [8] [9] [10] The purpose of this study was to compare plasma inflammatory mediator concentrations among dogs with sepsis, noninfectious causes SIRS (NSIRS), and healthy control dogs, as well as to evaluate and compare the diagnostic and prognostic utility of each inflammatory mediator. We hypothesized that dogs with sepsis would have higher plasma activity of TNF, higher plasma concentrations of IL-6 and CXCL-8, and lower plasma concentrations of IL-10 compared with dogs with NSIRS and healthy control dogs, and that dogs with higher plasma TNF, IL-6, or CXCL-8 concentrations or lower IL-10 concentrations would be less likely to survive to discharge.
Materials and Methods
Animals Sepsis and NSIRS Groups. Dogs that presented to the University of Missouri Veterinary Medical Teaching Hospital Intensive Care Unit (ICU) between July 2007 and August 2008 were eligible for inclusion in this prospective study. The study was conducted in accordance with guidelines for clinical studies from the University of Missouri Animal Care and Use Committee. Each dog was required to have a complete physical examination, complete blood count, as well as appropriate diagnostic testing, to document the presence of infection. Dogs were required to have appropriate physical parameters evaluated at the time of sample collection and laboratory parameters within 12 hours of sample collection. Dogs that were less than 6 months of age were excluded. All dogs in the sepsis or NSIRS groups were deemed critically ill by the attending veterinarian and required hospitalization for treatment. Case management was at the discretion of the attending veterinarian. A healthy control group consisted of dogs owned by the employees and students at the UM College of Veterinary Medicine. Owner consent was obtained for blood collection.
An SIRS score was determined for each dog by assigning 1 point for each of the SIRS criteria that were fulfilled for a maximum of 4 points. The SIRS criteria used for this study were hypothermia (temperature 37.8ºC) or hyperthermia (temperature ! 39.7ºC); tachycardia (heart rate ! 160 beats per minute); tachypnea (respiratory rate ! 40 breaths per minute); and leukocytosis (white blood cell count ! 12,000 cells/lL), leukopenia (white blood cell count 4,000 cells/lL), or left shift ( ! 10% band neutrophils). 3, 4, [11] [12] [13] [14] [15] Each dog enrolled was required to have an SIRS score of at least 2/4. Dogs were assigned to the sepsis group if infection was suspected on clinical examination and confirmed by combinations of cytology, histopathology, culture, and antigen/antibody testing. 4 Dogs that did not have evidence of infection were assigned to the NSIRS group. Dogs that did not meet the inclusion criteria for either the sepsis or NSIRS group or that were euthanized for reasons other than a grave prognosis were excluded from the study.
Control Group. Dogs owned by University of Missouri, Veterinary Medical Teaching Hospital employees and students were enrolled as a control group. Dogs in the healthy control group could not have had vaccination or administration of medications, with the exception of routine parasitic prevention, within the month proceeding sample collection and were required to have an unremarkable history for the preceding month, physical examination, and CBC.
Clinical Data and Sample Collection
The medical records of each dog enrolled were reviewed and clinical parameters were recorded for each dog, including white blood cell count, evidence of infection, duration of hospitalization, and mortality. Blood was collected at the time of presentation to the ICU in lithium heparin tubes. Blood was centrifuged (1500 9 g, 7 minutes) and plasma harvested within 1 hour of sample collection. The plasma was placed in an airtight, freezerresistant plastic tube and stored at À80°C until analysis. Tubes were coded so that the identity of the sample was not known during inflammatory mediator analysis.
Assays
All cytokine measurements were performed by an investigator blinded to the dog's group assignment and were assayed in duplicate or triplicate with appropriate controls.
TNF. Plasma TNF activity was evaluated using a cell kill bioassay. 16, 17 Briefly, murine fibroblasts (L929) were cultured on 96-well plates for 12 hours and then the samples were added. After a 20hour incubation with minimum essential medium plus horse serum and actinomycin D, 3-[4,5-dimethylthiazol-2-yl]-2,5,-di-phenyl tetrazolium bromide a (MTT) colorimetric assay was used to quantify the number of live cells per well. Absorption was measured at 630 nm and optical density of test wells were compared with that of wells with known concentrations of canine rTNF b for quantification. The inter-and intra-assay coefficients of variation for this assay are less than 10% and the lower limit of detection for this assay is 0.5 ng/mL (A.E. DeClue, personal communication). 18 IL-6. Plasma canine-specific IL-6 concentrations were determined using a commercially available ELISA kit c according to the manufacturer's instructions. 17, 18 The inter-and intra-assay coefficients of variation for this assay are less than 10%, and the lower limit of detection for this assay is 31.3 pg/mL. 19 CXCL-8. Plasma canine-specific CXCL-8 concentrations were determined using a commercially available ELISA kit c according to the manufacturer's instructions. The inter-and intra-assay coefficients of variation for this assay are less than 10%, and the lower limit of detection for this assay is 15.6 pg/mL. 20 IL-10. Plasma canine-specific IL-10 concentrations were measured using a commercially available ELISA kit c according to the manufacturer's instructions. 17, 18 The inter-and intra-assay coefficients of variation for this assay are less than 10%, and the lower limit of detection for this assay is 15.6 pg/mL. 21
Statistical Analysis
Statistical analysis was performed by using commercially available software. d A Kolmogorov-Smirnov statistical test for normality was used to determine if data were normally distributed. For inflammatory cytokines, when the measured variable fell below the lower limit of detection for the assay, data were recorded at the lower limit of detection for statistical purposes. Due to a technical error, 3 dogs in the NSIRS group were excluded from the TNF activity analysis and 3 dogs with sepsis and 3 dogs with SIRS were excluded from the IL-10 analysis. A Mann-Whitney rank-sum test was used to compare TNF and IL-6 between the sepsis and NSIRS groups. Plasma CXCL-8 concentration data were normalized with a square root function and a one-way ANOVA used to evaluate differences among the sepsis, NSIRS and healthy groups. In situations where a large proportion of dogs failed to have detectable concentrations of the inflammatory mediator of interest, the proportions of dogs in each group with measurable concentrations were compared. A Fisher's exact test was used to compare proportions of dogs with measurable inflammatory mediator concentrations as well as survival data. A receiver operating characteristic (ROC) curve was used to determine the area under the curve (AUC) and select the optimum cut-off value that maximized the Youden's J statistic (sensitivity + specificity-1) for sensitivity and specificity reporting. For the purposes of sensitivity and specificity reporting, dogs with sepsis and a positive test result were considered true positives. Conversely, dogs without sepsis and with a negative test result were considered true negatives. Test positivity was defined as a greater number for TNF, IL-6, and CXCL-8 and a lesser number for IL-10. Logistic regression was used to assess the strength of the relationship between the presence of measurable plasma inflammatory mediator activity or concentration and in-hospital mortality. The overall type one error rate was limited to 5%.
Results
Forty-five dogs met inclusion criteria, including 22 dogs with sepsis and 23 dogs with NSIRS. Thirteen healthy dogs were used as controls.
The sepsis group consisted of 2 sexually intact females, 8 spayed females, 6 intact males, and 6 neutered males with a median age of 7.5 (range 1-11) years and a median weight of 22.9 (range 4.5-63.1) kg. Breeds represented included Labrador Retriever (3), German Shepherd (2), Pointer (2), Border Collie (2), and mixed breed (2) . Five dogs had abdominal sepsis; other sources of sepsis included subcutaneous infection (3), bacterial bronchopneumonia (3), pyothorax (2), hepatobiliary sepsis (2), and bacteremia (2) . Twelve dogs had positive culture results. Six dogs cultured a single organism; 6 dogs had polymicrobial cultures. Organisms cultured included Escherichia coli (3), Corynebacterium spp (2), and alpha hemolytic Streptococcus sp (2). One dog had a positive fungal culture, growing Candida spp from a liver biopsy. Organisms were identified on cytology in 11 dogs with sepsis, from a variety of sources including peritoneal fluid (3), bronchoalveolar lavage fluid (2), and subcutaneous abscess fluid (2) . Two dogs had sepsis confirmed on histopathology and one dog had a positive parvovirus antigen test. Fourteen, 6, and 2 dogs fulfilled 2, 3, and 4 criteria, respectively. Six dogs were hypothermic, 11 were febrile, 5 were tachycardic, and 13 were tachypneic at the time of sample collection. Abnormalities on CBC included leukocytosis (18) , leukopenia (2), and a left shift (8; range 410-23,860 cells/lL; reference interval 0-260 cells/lL). Four dogs had >5% but <10% band neutrophils and 1 dog had >10% band neutrophils.
The NSIRS group consisted of 3 sexually intact females, 9 spayed females, 1 intact male, and 10 neutered males with a median age of 6 (range 0.5-15) years and a median weight of 18.7 (range 2.1-71.7) kg. Breeds represented in the NSIRS group included mixed breed (3), Labrador Retriever (3), and Beagle (2) . Dogs in the NSIRS group had a variety of disease conditions including neoplasia (9), trauma (5), and toxicity (2) . Fifteen, 6, and 2 dogs fulfilled 2, 3, and 4 criteria, respectively. Eight dogs were tachycardic, 7 were hypothermic, 6 were febrile, and 12 were tachypneic at the time of sample collection. Most dogs in this group had a leukocytosis (19), none had a leukopenia. Eight dogs had a left shift (range 290-4,016 cells/lL). Three dogs had >5% but <10% band neutrophils and one had >10% bands.
The healthy control group consisted of 7 spayed females and 6 neutered males with a median age of 3 (range 0.8-15) years and median weight of 23.2 (range 8.8-50.5) kg. The majority of dogs were mixed breed (10) .
Plasma TNF activity was below the lower limit of detection in all of the control dogs, while 19/20 dogs in the NSIRS group and 20/22 dogs in the sepsis group had measurable TNF bioactivity in their plasma (Fig 1) . Thus, dogs with sepsis and NSIRS were significantly more likely to have measurable TNF activity than healthy control dogs (P < .001; Fisher exact test). There was no difference in either the number of dogs with measurable TNF activity or the plasma TNF activity between sepsis and NSIRS groups (P = 1;
Fisher Exact test and P = .71 Mann-Whitney ranksum test, respectively).
Plasma IL-6 was below the limit of detectin in 11/13 dogs in the control group, 8/23 dogs in the NSIRS group, and 10/22 dogs in the sepsis group (Fig 2) . Dogs with sepsis (P = .034; Fisher exact test) and NSIRS (P = .012; Fisher exact test) were significantly more likely to have measurable IL-6 concentration than healthy control dogs; however, there was no difference in the number of dogs with measurable plasma IL-6 or the plasma concentration of IL-6 between the sepsis and NSIRS groups (P = .76; Fisher Exact test and P = .66; Mann-Whitney rank-sum test, respectively). There was no significant difference in plasma CXCL-8 concentrations among groups (P = .45; ANOVA) ( Fig 3) .
Healthy dogs (9/13) were significantly more likely to have measurable plasma IL-10 concentrations than dogs with sepsis (4/19; P = .011; Fisher exact test), but not NSIRS (7/20; P = .08; Fisher exact test) (Fig 4) . There was no difference in the number of dogs with measurable IL-10 between the sepsis and NSIRS groups (P = .48; Fisher exact test).
The usefulness of each inflammatory biomarker for differentiating dogs with sepsis from dogs with NSIRS was evaluated using an ROC curve ( Fig 5) . Sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio were calculated for each biomarker ( Table 1) . None of the inflammatory mediators evaluated had optimal sensitivity and specificity for the diagnosis of sepsis. Plasma TNF bioactivity had the best combined sensitivity (81.8%) and specificity (55%) for differentiating dogs with sepsis from dogs with NSIRS (cut-off value 2.8 ng/mL).
Twelve of 22 dogs (54.5%) in the sepsis group and 15/23 dogs (65.2%) in the NSIRS group survived to hospital discharge. Survival to discharge was not significantly different between sepsis and NSIRS groups (Fisher exact test). All dogs that did not survive to discharge were euthanized due to a grave prognosis; none died naturally in the hospital. Based on logistic regression analysis, plasma TNF bioactivity and concentrations of IL-6, CXCL-8, and IL-10 were not significantly associated with survival to discharge in the sepsis or NSIRS groups ( Table 2 ).
Discussion
Here, we describe the plasma concentrations of several pro-and anti-inflammatory cytokines in dogs with naturally developing sepsis at the time of ICU admission with the aim of evaluating their utility as diagnostic and prognostic indicators for sepsis at the time of ICU presentation. Dogs with sepsis and NSIRS were more likely to have measurable TNF activity and IL-6 concentrations than healthy control dogs. Healthy dogs were more likely to have measurable plasma IL-10 concentrations than dogs with sepsis, but not NSIRS. None of the measured biomarkers performed well in differentiating dogs with sepsis from NSIRS nor did they correlate with survival to discharge. While these results suggest that TNF, IL-6, and IL-10 play a role in both infectious and noninfectious causes of SIRS in dogs, they do not appear to be useful standalone diagnostic or prognostic biomarkers for sepsis in dogs when measured at ICU admission.
We used a TNF bioassay as previous reports suggest that this method might be more successful at detecting TNF in dog plasma compared with the currently available ELISA assays. 9,e Using a bioassay, TNF activity was identified in 39/42 dogs with systemic inflammatory response syndrome (sepsis + NSIRS). However, we found no difference in the number of dogs with measurable plasma TNF activity between the sepsis and NSIRS groups, and plasma TNF activity had a poor specificity for differentiating sepsis from NSIRS. This differs from our group's previous findings in cats where cats with sepsis were significantly more likely to have measurable plasma TNF activity than cats with NSIRS. 22 In addition, we found no correlation between plasma TNF bioactivity and survival to discharge in the sepsis group. Given the dynamic nature of TNF production and its short half-life, serial measurement could be more useful for prognostication of sepsis. Indeed, the change in TNF activity over time rather than the baseline activity was predictive of death in dogs with parvoviral enteritis. 9 Interleukin-6 was measured via ELISA methodology that has been previously used in dogs. 10, 23 While dogs with sepsis in our study were more likely to have measurable IL-6 than healthy dogs, IL-6 concentrations were not different in dogs with sepsis compared 22) , noninfectious systemic inflammatory response syndrome (NSIRS) (n = 23), and healthy control (n = 13) groups. The number of samples that fell below the lower limit of detection of the assay is noted in the grey box. There were no significant differences among groups (ANOVA). 19) , noninfectious systemic inflammatory response syndrome (NSIRS) (n = 20), and healthy control (n = 13) groups. The number of samples that fell below the lower limit of detection of the assay is noted in the grey box. Healthy dogs were significantly more likely to have measurable plasma IL-10 concentrations than dogs with sepsis (P = .011; Fisher exact test).
with dogs with NSIRS, nor did IL-6 concentrations predict survival. Previously, plasma IL-6 concentrations measured by ELISA have been shown to be a poor predictor of survival in dogs with sepsis or NSIRS. 10 Conversely, plasma IL-6 activity measured using a bioassay was significantly correlated with survival in dogs with sepsis. 1 These differences could be explained by variation in the cohort of dogs enrolled in each study or the different assay methodologies used for IL-6 measurement. The possible prognostic superiority of IL-6 bioactivity versus protein concentration should be considered by investigators when designing future studies.
The chemokine CXCL-8 has not been previously investigated in dogs with naturally developing sepsis to our knowledge. The authors chose to evaluate CXCL-8 in this study, given data suggesting its prognostic utility in people with sepsis, with increased circulating concentrations associated with poor outcomes. [24] [25] [26] In addition, endotoxin and lipoteichoic acid induce CXCL-8 release from canine neutrophils and CXCL-8 is involved in neutrophil recruitment, suggesting that CXCL-8 probably plays a role in sepsis. 27, 28 We found a large range of CXCL-8 concentrations in all 3 study groups, and a lack of association between CXCL-8 concentration and survival to discharge. Healthy dogs had plasma CXCL-8 concentrations that were similar to the concentrations measured in dogs with sepsis and NSIRS, which was unexpected as circulating concentrations of CXCL-8 are low in healthy people. 29 Serum CXCL-8 concentrations have been reported to range from 913 to 6,003 pg/mL in healthy dogs. 30 The highest concentration of CXCL-8 recorded in our study was 3,953 pg/mL, well within this range. This suggests that either peak plasma CXCL-8 concentration was missed at the time of sample collection in our study or that dogs with sepsis do not have a dramatic increase in plasma concentrations of CXCL-8.
Healthy dogs in this study were more likely to have measurable IL-10 concentrations than dogs with sepsis and NSIRS. Because dogs with sepsis were less likely to have measurable concentrations of IL-10 (an antiinflammatory cytokine), but did have measurable TNF activity and IL-6 concentrations (both proinflammatory cytokines), this may suggest an imbalance between proinflammatory and anti-inflammatory mediators. Our findings are consistent with a previous study that documented an imbalance in pro-and anti-inflammatory cytokines in the most severely ill dogs with sepsis and NSIRS. 10 In that study, survivors of sepsis and NSIRS were more likely to have a high ratio of highmobility group box -1 (a late proinflammatory mediator) to IL-10, compared with nonsurvivors. 10 As with any clinical study, there are several limitations that should be considered when interpreting these data. Plasma cytokine concentrations were only evaluated at 1 time point in this study, given that the aim of the study was to evaluate their utility as diagnostic and prognostic indicators for sepsis upon ICU admission. Cytokine production is dynamic in nature and it is feasible that peak production was missed by a single sampling point. Serial evaluation may have resulted in a significant association between cytokine concentration and mortality or a statistical difference between the sepsis and NSIRS groups. Unfortunately, inflammatory mediator concentrations were frequently below the lower limit of detection of the assays used. This highlights the importance of developing more sensitive canine-specific immunologic assays. We chose to include a heterogenous population of critically ill dogs instead of a more targeted population, such as dogs with gram-negative septic peritonitis, in the hope of finding biomarkers for sepsis that would be applicable to the general population of dogs with sepsis; studies targeting a specific disease subset may allow the detection of site-or organism-specific biomarkers. In addition, although dogs in the NSIRS group were carefully screened for infection, it is possible that infection went undetected. This may have decreased our ability to differentiate dogs with and without infection. Finally, while the proportion of dogs that survived to be discharged from the hospital in the sepsis group was similar to that in many previous studies, euthanasia was the ultimate cause of death in all dogs that suffered mortality. [31] [32] [33] [34] Great care was taken to only include animals that were euthanized because of a grave prognosis in an attempt to exclude nonillnessrelated factors. It is possible that this approach induced a bias in our survival statistics and in the association between plasma cytokines at presentation and survival.
Sepsis is a frequent condition in dogs and is associated with substantial morbidity and mortality. This study evaluated the potential utility of circulating concentrations of cytokines at ICU admission as diagnostic and prognostic biomarkers for sepsis in dogs. Dogs with sepsis and NSIRS were more likely to have measurable activity and concentrations of proinflammatory cytokines and less likely to have measurable concentrations of the anti-inflammatory cytokine IL-10, which suggests that sepsis is associated with an imbalance in pro-and anti-inflammatory mediators. Unfortunately, TNF activity and the concentrations of IL-6, CXCL-8, and IL-10 did not effectively differentiate between dogs with sepsis and NSIRS, nor did they predict survival to discharge in dogs with sepsis. The authors suggest that future studies should be conducted to elucidate the importance of the proinflammatory and antiinflammatory mediator balance, and include dynamic evaluation of cytokine production in sepsis in dogs. 
